The main causes of Alzheimer's disease remain elusive. Previous data have implicated the BACE-1 protein as a central player in the pathogenesis of Alzheimer's disease. However, many inhibitors of BACE-1 have failed during preclinical and clinical trials for AD treatment. Therefore, uncovering the exact role of BACE-1 in AD may have significant impact on the future development of therapeutic agents. Three-and six-month-old female APP/PS1 double transgenic mice were used to study abnormal accumulation of BACE-1 protein in brains of mice here. Immunofluorescence, immunohistochemistry, and western blot were performed to measure the distributing pattern and expression level of BACE-1. We found obvious BACE-1 protein accumulation in 3-month-old APP/PS1 mice, which had increased by the time of 6 months. Coimmunostaining results showed BACE-1 surrounded amyloid plaques in brain sections. The abnormal protein expression might not be attributable to the upregulation of BACE-1 protein, as no significant difference of protein expression was observed between wild-type and APP/PS1 mice. With antibodies against BACE-1 and CD31, we found a high immunoreactive density of BACE-1 protein on the outer layer of brain blood vessels. The aberrant distribution of BACE-1 in APP/PS1 mice suggests BACE-1 may be involved in the microvascular abnormality of AD.
Introduction
Alzheimer's disease (AD) is the major cause of dementia. AD is characterized by progressive memory decline and cognitive impairment [1] [2] [3] . The histopathological hallmarks of AD include cerebral amyloid senile plaques, neurofibrillary tangles, and neuronal loss [4] [5] [6] . Most cases of AD are sporadic, but about 5-10% of patients have an inherited familial form of the disease (familial Alzheimer's disease, FAD). FAD is caused by the expression of the mutated genes of amyloid precursor protein (APP), presenilin-1 (PS1), and presenilin-2 (PS2) [7] . To date, there is no cure for AD. All of the current medications available treat the symptoms and not the underlying pathology [8] . Therefore, further investigation into the pathogenesis of the disease is needed.
APP is cleaved by sequential actions of -, -, andsecretases to generate A [9] . While most of the APP protein is processed by -secretases in the nonamyloidogenic pathway, parts of APP are cleaved by -secretase resulting in products of soluble APP-and a C-99 C-terminal fragment. And then the C-99 is further cleaved by -secretase to produce A -42 [10] . Therefore, -and -secretase are considered as the enzymes to proteolyze APP and liberate the A peptides [11] . BACE-1, also known as -secretase, is a novel class of type I transmembrane aspartic proteases [11] . BACE-1 exhibits all the functional properties of -secretase and acts as a key enzyme that initiates the formation of A . BACE-1 has a wide distribution in the central nervous system (CNS) with high expression in neurons. After synthesis in the endoplasmic reticulum, BACE-1 is transported to the cell surface where the cleavage of APP occurs [12] . BACE-1 catalyzes the rate-limiting step in A products which are the key players of neurodegenerative cascades in AD [13] . Previous studies demonstrated that suppression of the Wnt pathway resulted in a significant increase of A peptides and expression of BACE-1 [14] . As a secretase, BACE-1 can cleave the membrane-anchored signaling molecule Jagged 1 (Jag1) and BACE-1 null mice that lost the abilities to cleave the Jag1 protein demonstrated enhanced astrogenesis and reduced neurogenesis, which are characteristic features of AD [15] . These findings consistently implied that modifying the activities and protein level of BACE-1 is a possible therapeutic strategy for this devastating neurodegenerative disease. Literatures also showed significant impairment of the neocortical microcirculation in AD transgenic mice and endothelial damage may be an early event of AD pathogenesis [16, 17] . Interestingly, dysfunction of endothelial cells seems to precede plaque deposition in the mouse brain [17] . Furthermore, loss of endothelial NO is also verified to result in increased expression of APP, BACE-1 protein, and A levels in AD mouse brain [17] . Due to the important role of BACE-1 in limiting the generation of beta amyloid, several peptide-based -secretase inhibitors have been described [18] . These inhibitors are developed based on peptide-derived structures, which act as transition state mimetics based on the amino acid sequences at the cleavage site of APP by BACE-1 [19] . However, most of them failed during the preclinical or clinical trials as a treatment for AD so far [19, 20] . Therefore, further deciphering the exact mechanism by which BACE-1 is involved in the pathophysiology of AD is imperative.
The focus of this study was to examine the changes of BACE-1 protein in an APP/PS1 transgenic mouse model. For the first time, we revealed an abnormal distribution of BACE-1 protein in the blood vessels of AD mice, implying an association of BACE-1 protein accumulation with the dysfunction of microvascular units in AD. This study may provide more evidences of how BACE-1 is involved in the earlier stage of AD pathogenesis.
Materials and Methods

2.1.
Animals. APP/PS1 double transgenic mice were generated by crossing single transgenic mice expressing human mutant APPK670N/M671N and mutant PS1M146L [21] . After genotyping, 3-and 6-month-old female APP/PS1 mice and age-and gender-matched wild-type (WT) mice were purchased from Zhongke Zasheng Biotech (Beijing, China) and used in the study. The animals were housed at a 12 h day/12 h night light cycle with free access to water and food, under controlled laboratory conditions. All procedures using live animals were approved by the Animal Ethics Committee of Beijing Tiantan Hospital, Capital Medical University, and the Animal Care Committee of Henan University.
Y Maze Test.
Spatial working memory was assessed by recording spontaneous alternation behavior during an 8 min session in a Y maze [22] . The sequence of arm entries and total number of entries were recorded. Percentage of alternation was defined as the number of sequential triplets containing entries into all three arms (ABC and ACB constituted a sequential triplet, while A-C-A or A-B-A did not) during the session as a proportion of the maximum possible alternation (equivalent to the total number of arm entries minus −2) × 100. Mice whose total entrance number was less than 15 during the test were not included in data analysis.
Water Maze Test.
Reference memory was assessed using the Morris water maze. The procedure was conducted as described in a previous study [22] . In the acquisition (hidden platform) test, the location of the platform was kept constant throughout training. Training consisted of four days of trials. The mouse was released from one of four different quadrants in each trial and was allowed to swim until it climbed onto the platform or reached a maximum time of 60 seconds. Spatial memory was evaluated by assessing the average latency time. A 60-second retention (probe) test was carried out 24 hrs after the last training trial without the platform, during which the time mice spent in the target quadrant (the previous platform location) was recorded.
2.4.
Immunofluorescence. Animal were perfused with PBS and then fixed with 4% paraformaldehyde. 30 m brain sections were incubated overnight at 4 ∘ C with anti-BACE-1 (1 : 1000, Santa Cruz), CD-31 (1 : 1000, Millipore), or Cystathionine Gamma-Lyase (CG-Lyase) (1 : 1000, Abcam) antibodies, after permeabilization and blocking. The secondary antibodies were appropriate Alexa Fluor 488-or Alexa Fluor 594-conjugated secondary antibodies (Invitrogen-Molecular Probes). Sections were washed, mounted, and examined using an Olympus BX61 fluorescence microscope.
Immunohistochemistry.
For immunohistochemistry, four 30 m coronal brain sections per mice (spaced 180 m apart) were stained with the ABC Peroxidase Staining Kit (Pierce) in accordance with the manufacturer's instructions. Briefly, endogenous peroxidase activity was blocked by 3% hydrogen peroxide in PBS for 20 min. Sections were blocked at room temperature for 30 min in 5% serum and 0.3% Triton X-100 in PBS and then incubated overnight at 4 ∘ C with BACE-1 antibody (1 : 4000, Santa Cruz). Secondary biotinylated antibody was used at a dilution of 1 : 1000 (Vector Laboratories). After being washed 3 times with PBST, the slides were incubated with ABC reagents for 30 min. The chromagen was diaminobenzidine (Thermo Scientific).
Western Blot.
Brain tissues were lysed in a cold lysis buffer containing 20 mM Tris-HCl pH 7.6, 150 mM NaCl, 2 mM EDTA, 1 mM EGTA, 0.1% (v/v) Triton X-100, 20 mM NaF, 0.02% NaN3, 1 mM PMSF, and 1% protease inhibitor cocktail (Sigma). The extracted proteins were separated by electrophoresis with the 12% SDS-PAGE and transferred onto nitrocellulose membranes. The target protein of BACE-1 was measured using the primary antibody of anti-BACE-1 antibody (1 : 1000, Santa Cruz) and then the corresponding secondary antibody, followed by development with an ECL kit (PerkinElmer). The antibody against -actin (1 : 4000, Santa Cruz) was used here as an internal control. Quantitative results are expressed as a ratio of BACE-1 to -actin.
Amyloid Plaque.
The presence of amyloid plaques in brain sections was investigated after staining with Congo Red kit (Sigma-Aldrich) according to the manufacturer's instructions with minor modification. Briefly, 30 mm sections were stained in Mayer's Hematoxylin Solution for 5 minutes and then rinsed in tap water for 5 minutes. After being incubated in Alkaline Sodium Chloride Solution for 20 minutes, the sections were placed in filtered Alkaline Congo Red solution for another 20 minutes. All sections were rinsed 3 times with absolute ethanol and cleared in xylene before being mounted.
2.8. -Secretase Activity. The brain tissue -secretase activity was measured using a fluorometric assay kit purchased from Abcam (ab65357). Briefly, protein was extracted from brain tissue using ice-cold extraction buffer and then centrifuged 10000 ×g for 5 minutes at 4 ∘ C. The supernatant was transferred to a new tube and kept on ice. Protein concentration was measured with the BCA kit (Thermo Scientific). A total of 50 L of sample (total protein 100 g) was added to each well followed by 50 L of 2x reaction buffer and 2 L ofsecretase substrate. After incubation in the dark at 37 ∘ C for 2 hr, fluorescence was recorded at excitation and emission wavelengths of 355 and 510 nm, respectively, with a Victor6 X3 Multilabel Plate Reader (PerkinElmer). -secretase activity was expressed as the relative fluorescence units per g of protein sample.
Statistical Analysis.
All data was analyzed using GraphPad PRISM 4.0 software (GraphPad Software). Comparison between groups was performed using ANOVA followed by Newman-Keuls post hoc test or student's -test. Data are shown as mean ± SEM. Differences were considered statistically significant at < 0.05.
Results
Plaques Deposition and Cognitive Deficiency in APP/PS1
Transgenic Mouse. AD mice at 6 months of age developed obvious amyloid plaque deposition in the brain as demonstrated with Congo Red staining (Figure 1(a) ). This AD-like pathogenesis is consistent with previous report [12] . Spatial working memory was measured with Y maze test. In this test, the ability to alternate requires the mice to remember which arm they have just visited [22] . As shown in Figure 1(b) , AD mice demonstrated significantly lower spontaneous alternation compared to WT mice. An increased number of total arm entries were observed in AD mice but did not reach the statistical significance when compared to WT mice (Figure 1(c) ).
In the water maze test, spatial memory acquisition was assessed by measuring the escape latency in the hidden platform test [13] . ANOVA analysis showed significantly higher escape latencies for AD mice at days 2, 3, and 4 ( Figure 1(d) ). Twenty-four hours after the last trial, spatial memory retention was tested by measuring the time spent in the target quadrant where the platform had been located. We found that AD mice spent less time in the target quadrant compared to WT mice (Figure 1(e) ).
The abnormal behavioral performance was not observed in younger APP/PS1 mice (3 months old), although there was a trend towards increased escape times for AD mice during the training stage of the water maze test (Figures 2(a)-2(c) ).
BACE-1 Protein Accumulation in the Brain of APP/PS1
Mice. -secretase (BACE-1), which performs the rate-limiting step of APP processing during A generation, has become a potential therapeutic target [20] . We examined the BACE-1 protein changes in the brains of AD mice. Using immunofluorescence staining, we found notable protein accumulation of BACE-1 in AD mice (Figure 3(a) ). A negative control study was carried out with the same procedure except no primary antibody was used (Figure 3(a) ). To further exclude the possibility of nonspecific binding between antibody and the brain section during the staining procedure, CG-Lyase antibody, generated from the same host animals as BACE-1, was used under the same experimental condition as BACE-1 antibody. There was no positive signal detected in brain sections incubated with CG-Lyase antibody (Figure 3(a) ). As shown in Figure 3(b) , the abnormal BACE-1 accumulation was apparent in brain sections from AD mice at 3 months of age and increased at 6 months of age. These results suggest that the abnormal protein accumulation might be an essential part of the neurodegenerative process of the AD mice. Next, we tested whether there was an association between BACE-1 protein accumulation and amyloid deposition in the mouse brain. Costaining using Congo Red and BACE-1 antibody was used to examine the potential association. We found that all amyloid plaques with Congo Red staining color were surrounded by BACE-1 protein (Figure 3(c) ). The results of our above studies showed an aberrant accumulation of BACE-1 protein in the early stages of the disease in this mouse model, which increased rapidly as the mice aged. These results suggest that the accumulated BACE-1 protein might be related to amyloid deposition in the pathogenesis of AD.
BACE-1 Protein Accumulates in the Microvascular Units APP/PS1 Mice Coincidental with the Abnormal Expression of CD31.
The abnormal expression of BACE-1 protein observed in AD mice led us to investigate whether the protein accumulation in these areas was attributed to upregulation of protein expression. Western blot analysis was performed using an antibody specific to BACE-1. No significant differences in protein expression levels of BACE-1 were found between WT and APP/PS1 mice at 3 and 6 months of age (Figures 4(a) and 4(c)). With a fluorometric assay kit, the corresponding -secretase activity was measured in WT and APP/PS1 mice at 3 and 6 months of age. The results showed comparablesecretase activity level between WT and APP/PS1 mice at 3 and 6 months of age (Figures 4(b) and 4(d) ). Immunofluorescence staining was further carried out on brain sections to examine the distribution of BACE-1 protein in AD mouse brain. CD31 antibody was used to label the blood vessels. We found high immunoreactivity of BACE-1 protein along the blood vessels ( Figure 5(a) ). On transverse sections of the vessels, coimmunofluorescence staining revealed notable accumulation of BACE-1 on the outer layer ( Figure 5(b) ). In summary, our results showed an obvious increase of the immunoreactivity of BACE-1 in the outer layer of blood vessels with immunofluorescence staining. These results may not be due to an increased expression of BACE-1 protein level since there was no significant change in protein levels between WT and AD mice as determined using western blot analysis.
Discussion
In the amyloidogenic pathway, APP is sequentially cleaved to generate beta peptides. -secretase (BACE-1) works together with other enzymes to cleave APP into A and acts as a rate-limiting enzyme [9] . Also, previous studies have found a dynamic trafficking of BACE-1 between several subcellular locations before it is anchored onto the cell membrane and implies that translocation is the key step for its functional maturity [23] .
In the present study, we conducted a detailed examination of BACE-1 expression in an APP/PS1 mouse model. The AD mice developed significant memory/cognitive deficits at 6 months of age with obvious amyloid plaque deposition in the brain. In the same mouse model, aberrant BACE-1 accumulation was observed in brain sections from AD mice at 3 and 6 months of age. The results suggest that BACE-1 protein dysfunction may be involved in the initial stage of the disease. Moreover, our results demonstrated that the increase of protein in the brain might not be linked to the upregulation of protein expression (Figure 4 ). Vascular changes are frequently observed in AD brains [24] . Autopsy study demonstrates that the brains of most AD patients exhibit not only the presence of senile plaques and neurofibrillary tangles (NFT), but also the presence of cerebrovascular disease (CVD) [25] . Clinical evidence shows that microvascular degeneration worsens symptoms of dementia in AD patients [26] . In addition, AD and CVD have been found to share many risk factors [27] . Research has shown that microvascular dysfunction contributes to the pathogenesis of AD and may precede neuronal damage and dementia. A recent report validated that hypoxic condition activated cellular responses mainly controlled by hypoxia-inducible transcription factor-1 (HIF-1). Particularly, the oxygen responsive HIF-1 subunit may significantly contribute to the cognitive decline by influencing some mechanisms associated with APP amyloidogenic metabolism [28] . But the exact underlying mechanism by which cerebrovascular pathology is initiated is unclear. Some studies report that defective clearance of amyloid may lead to amyloid angiopathy that results in hypoperfusion of brain, which in turn adversely affects formation and absorption of CSF thereby altering clearance of amyloid and promoting vascular and parenchymal deposition [29] . Deposition of amyloid in the walls of medium-and small-size brain vessel is the key feature of cerebral amyloid angiopathy (CAA) [30] . Here, we report a possible new mechanism of angiopathy by focusing on the abnormal distribution of BACE-1 in the earlier stage of AD mouse brains. The present study suggested that BACE-1 deposition might also play an important role by deteriorating the microvascular unit in the initial stage of AD.
Our results are not consistent with previous reports that indicate that BACE-1 protein is elevated in the brain in the late, not early stage of AD [31, 32] . However, in those studies, the focus was on the protein level of BACE-1 without measuring the protein distribution. In the CNS, BACE-1 undergoes intracellular transportation in the cells after synthesis via the secretory pathway [33, 34] . These results imply that translocation may be an essential part of BACE-1 function.
So far, despite promising advances in the understanding of the pathophysiology during the past decades, there are no medical approaches that can cure AD yet. All current medications available for the treatment of the disease only produce limited clinical benefits. As a result, compounds that interfere with proteases that regulate the A products, including the inhibitors of -secretase, were vigorously developed [35] . Consistently, several studies have shown that silencing BACE-1 can reduce A -42 production and therefore blocking this secretase represents a promising therapeutic strategy for AD [10] . However, most of compounds of blockingsecretase fail in preclinical or clinical studies and only one compound (CTS21166) is under ongoing clinical investigation now [35] . Although many of these BACE-1 inhibitors have dropped out, it is still too early to conclude that BACE-1 inhibitors will not be promising tools for the prevention or treatment of AD. The possible explanation for those frustrating results is the inappropriate intervention time courses reemployed in those preclinical or clinical studies since the time point of abnormal activation of BACE-1 in AD is not clearly understood now. To our knowledge, we are the first to show an abnormal distribution of BACE-1 protein in the blood vessels of AD mice, implying an association between BACE-1 protein accumulation and microvascular dysfunction in the early stage of AD. More importantly, our results support the idea that abnormal BACE-1 expression in the microvascular vessel precedes plaque deposition. So this protein deposition in the vascular system may initiate the amyloid cascade in the AD brain. It is hoped that a clinical therapeutic window can be achieved by further investigating the appropriate intervention time in animal model for BACE-1 based therapeutic strategy. Meanwhile, future strategies for developing new drugs should focus on the mechanism of how the aberrant distribution occurs and what significant effects it may exert on the microvascular units.
Conclusion
Collectively, the present study suggests that BACE-1 protein accumulates in the blood vessels of APP/PS1 mouse brain and indicated the possible involvement of BACE-1 protein on triggering the AD-like pathological changes in this AD mouse model.
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